Abstract Application of stable isotope data to trophic studies requires understanding of factors influencing the isotopic discrimination factor (D) between consumers and their prey resources. This is missing for many omnivorous species, despite their diet and environment potentially impacting D. The effects of temperature, diet (including formulated feeds) and tissue type on D 13 C and D 15 N were thus tested experimentally. A temperature experiment exposed three species to identical diets at 18 and 23°C, whereas a diet experiment exposed one species to four diets at 18°C. At 23°C, C:N ratios, D 13 C and D 15 N were generally elevated versus 18°C. After lipid correction, tissue/species-specific differences at 23°C in D
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Introduction
The application of stable isotope data to ecology has substantially enhanced understandings of trophic relationships within and between species, including how invasive species impact native communities (e.g. Jackson et al., 2016; Copp et al., 2017) and trophic subsidies influence consumer diets (e.g. Bašić et al., 2015; Gutmann-Roberts et al., 2017) . Their application has been enhanced by the development of 'mixing models' that estimate the diet composition of consumers from the stable isotope ratios of their prey (Phillips et al., 2001 (Phillips et al., , 2014 . For models to provide reliable dietary predictions requires accurate estimates of the stepwise isotopic change between the consumer and their prey (Boecklen et al., 2011) , i.e. the isotopic 'discrimination' factor (D; Martínez del Rio & Wolf 2005) . The issues that affect discrimination factors within and between consumer species include the age and body size of sampled individuals, their diet composition, the tissues analysed and the sample preparations completed prior to analysis (Brush et al., 2012; Locke et al., 2013; Busst et al., 2015) . There can be high uncertainty in the discrimination factors of many species (Moore & Semmens, 2008; Elsdon et al., 2010; Busst & Britton, 2016) . This uncertainty and variability in discrimination factors between species and tissues thus suggest that commonly cited values (e.g. D 15 N: 3.4 ± 0.98%; D 13 C: 0.39 ± 1.3%; Minagawa & Wada, 1984; Post, 2002) might not always be appropriate to apply to mixing models.
Among consumer species, specific food items within their overall diet can substantially influence their discrimination factors (Caut et al., 2008; Greer et al., 2015) . Invertebrate-based diets tend to have lower discrimination factors than diets with higher protein contents (McCutchan et al., 2003) . In herbivorous fishes, D 15 N in muscle has been recorded to be 5.25% (Mill et al., 2007; Carassou et al., 2008) . In the detrivore Prochilodus lineatus (Valenciennes, 1837), D 13 C varied between -1.9 and 3.6% and was between 3.3 and 5.7% for D 15 N (Sacramento et al., 2016) . For species that are highly omnivorous, such as fishes of the Cyprinidae family, discrimination factors of 13 C and 15 N can be relatively low when fish have diets that are relatively high in fish protein (e.g. 2.0% for both isotopes) but significantly higher when high in plant materials that are relatively low in protein (up to 5.6% for D 13 C and 6.9% for D 15 N) (Busst & Britton, 2016) . These data allow testing of the 'protein quality hypothesis', which suggests that discrimination factors will increase as protein quality decreases, and the 'protein quantity hypothesis', which suggests that discrimination factors will increase as C:N ratios decrease (i.e. as dietary nitrogen concentration decreases) (Pearson et al., 2003) . Moreover, for omnivorous fishes that have mixed diets comprising animal and plant items, the varying proportions of these items could have potentially strong effects on their discrimination factors (Bastos et al., 2017) . For example, in some cyprinid fish populations in recreational freshwater fisheries, some individual fish specialize on feeding on angler trophic subsidies based on formulated feeds containing marine-derived fishmeal, whilst others specialize primarily on natural prey Gutmann-Roberts et al., 2017) . The influences of these angling baits on discrimination factors are thus potentially important for trophic studies completed in freshwaters where there are high angling activity and consequent individual trophic specializations in their target species (Gutmann-Roberts et al., 2017) .
Stable isotope data and discrimination factors are also dependent on the tissues analysed, with predictable differences apparent between fish muscle and fin tissue (e.g. Jardine et al., 2005; Sanderson et al., 2009; Tronquart et al., 2012) , and scales (Busst et al., 2015; Busst & Britton, 2016) . In general, fin and scale stable isotope data are converted to muscle values for application to mixing models, as muscle data tend to more closely reflect diet composition (Grey et al., 2009) . Temperature and food ration can also significantly influence discrimination, with Barnes et al. (2007) revealing that in bass Dicentrarchus labrax (Linnaeus, 1758) elevated temperatures resulted in higher D 13 C, but lower D 15 N. In addition, Power et al. (2003) reported for zooplankton Daphnia magna Straus, 1820 and Hyalella sp., as temperature increased there were a general increase in D 13 C and a decrease in D 15 N, with this suggested to relate to the effect of temperature on habitat use, differential use of energy sources and differences in trophic position.
Whilst there has been considerable effort in determining discrimination factors for many species, in fishes these have tended to be biased towards marine fishes (e.g. Pinnegar & Polunin, 1999; Mill et al., 2007; Sweeting et al., 2007a, b) and/or those with aquaculture interest (e.g. Zuanon et al., 2006) . For freshwater fishes, such as those of the Cyprinidae family, there remains limited knowledge for most species on their discrimination factors and how these are affected by diet and temperature. Yet, this family comprises omnivorous species that include global invaders (e.g. carp Cyprinus carpio Linnaeus 1758, goldfish Carassius auratus (Linnaeus 1758)), are important in freshwater aquaculture (e.g. C. carpio) and are of high interest to recreational anglers (e.g. C. carpio, chub Squalius cephalus (Linnaeus 1758)) (Busst & Britton, 2016; Guo et al., 2016; GutmannRoberts et al. 2017) . Consequently, the aim here was to use model cyprinid species in controlled and semicontrolled conditions to experimentally determine the influence of temperature and diet composition on the D 13 C and D 15 N in dorsal muscle, fin tissue and scales. The following hypotheses (H) were tested: discrimination factors vary predictably between the analysed fish tissues (H 1 ); elevated temperatures result in higher D 13 C but lower D 15 N (H 2 ); discrimination factors vary according to diet, with differences apparent between natural diets and those including formulated feeds (H 3 ); and variation in discrimination factors with diet is consistent and explained by the quality and quantity of their protein content (H 4 ). Given that both fin tissue and scales can be collected from fishes non-lethally, then the results will also potentially provide support over their replacement of dorsal muscle in studies where destructive sampling is not feasible.
Materials and methods

Temperature-based experimental design
The temperature-based experiment was completed in controlled conditions in tank aquaria, with fish held in 90-l tanks on flow-through filtration systems to maintain water quality (pH 7.5). The experimental design was based on exposing three fish species, C. carpio, C. auratus and S. cephalus, to a single food item at 18 and 23°C for 150 days. Consumers are generally considered to have equilibrated to their food resources in four to five half-lives, i.e. 94-97% isotopic replacement in their tissues (Hobson & Clark, 1992) . General equations from Thomas and Crowther (2015) suggested that the experimental fishes would have half-lives for d 13 C of 30 days and for d 15 N of 32 days, and thus the experimental period of 150 days meant that isotopic equilibrium should have been reached at its conclusion. This duration was also broadly representative of the length of fish growth seasons in temperate regions when water temperatures would be expected to be at least 18°C (Britton, 2007) .
The fishes used in the experiment were sourced from pond aquaculture where their diets had been a mix of natural foods (e.g. macroinvertebrates), supplemented with some formulated feeds. Eight fish were used per species and temperature, except S. cephalus where n = 7. For each species and temperature combination, the fish were held within the same tank. The 18°C temperature was achieved by this being the ambient temperature of each flow-through system (range 17.9-18.4°C); 23°C was achieved by elevating temperatures in an individual system via water heaters (range 22.7-23.2°C). Temperatures were monitored in tanks using temperature loggers (TinyTag TGP-4017) that recorded hourly. A 16:8 h light:dark cycle was used. Each fish was measured (fork length, l, nearest mm) and weighed (W, nearest 0.1 g) at the start of the experiment (Table S1) , and a passive integrated transponder (PIT) tag inserted to enable all fish to be identified individually. Their fixed diet was a high-grade fishmeal pellet sourced from aquaculture that had been crushed into small particles (\1 mm diameter); it comprised 45% protein, 10% fat, 1.4% crude fibre and 5.8% ash, and the protein source was marine fish (Busst et al., 2015) . A formulated feed was preferred to natural prey. This was because the experimental diet needed to have minimal isotopic variation in order to determine the influence of temperature on discrimination, with this assumed to be more easily achieved using a single, homogenous batch of a prepared food (Busst & Britton, 2016) . The crushed pellet was fed daily ad libitum.
At the end of the experiment, the fish were removed from the tanks, re-measured and weighed, euthanized (anaesthetic overdose, MS-222), and samples taken of dorsal muscle, pelvic fin tissue and scales (taken from below the dorsal fin and above the lateral line). Samples of the feed used were also taken. The length and weight increments of the individual fish were determined for use as a proxy of food ration size over the course of the experiment, based on the assumption that fish with higher increments accessed larger feed rations. As length and weight increases are significantly correlated in fishes, then only length increment was used in subsequent analyses.
Dietary-based experimental design
In this experiment, a single fish species was used, C. auratus (sourced from the same aquaculture site as the fish in the temperature experiment), and exposed to four diets (D1-D4) that varied in their approximate proportions of natural prey items and two formulated feeds ( Table 1 ). The experiment lasted for 100 days, representing approximately 3.5 isotopic half-lives for the starting sizes of the fish used (Thomas & Crowther, 2015) .
Among the diets, two different formulated feeds were used. The first was 'Wheatgerm pellets' ('WG'; 2 mm diameter) that comprised 20% protein, 6% fat Table 1 Estimated mean proportional composition of diets D1-D4, determined from fish stomach content analysis at the end of the experiment, that were used to test differences in discrimination factors in Carassius auratus FM pellet refers to the formulated feed based on fishmeal and WG pellet refers to the formulated feed based on wheatgerm. Error represents 95% confidence limits from estimates of the proportions of food items at the conclusion of the experiment (as oil), 2.5% crude fibre and 2.5% ash, and whose base ingredient was plant material (Nishikoi Aquaculture, available from http://www.nishikoi.com/ pond-food/nishikoi-wheatgerm, last accessed 1st May 2017). The second was a fishmeal-based pellet ('FM') produced for sport angling that had constituents of 45% protein and 20% fish oil pellets (2 mm diameter). Diet D1 was based entirely on natural prey items, whereas D2-D4 were based on a combination of natural prey items and formulated feeds, where Diet D2 used both formulated feeds, D3 used WG, and D4 used the other formulated feed ('FM'). To achieve the exposure to the different prey items in D1-D4 (Table 1) , outdoor mesocosm ponds were used, based on the assumption that the fish would eat similar proportions of the food items. Three fish were used per mesocosm, with three replicates used per diet (n = 9 fish per diet). Each pond was 250 l in volume, had a gravel substrate (6 mm diameter), a corner filter and oxygen supply to maintain water quality, and was seeded with a random mix of macroinvertebrates from a local stream (including Asellus aquaticus (Linnaeus, 1758), Gammarus pulex (Linnaeus, 1758) Lymnaea spp.), with Chironomid larvae and filamentous algae (primarily as Spirogyra spp.) colonizing naturally. These species were allowed to establish for 12 weeks prior to the release of the fish. The proportions of pellets to the diets of D1-D4 were estimated from using their known quantities fed daily that was based on a feeding rate of 1.0% fish starting weight. The proportions of natural prey in their diets were estimated from their stomach contents at the conclusion of the experiment, determined via dissection and microscopy, with cross-checking of the validity of the estimates through comparison with the composition of the macroinvertebrate community present at the start and the end of the experiment in each mesocosm ( Table 1 ). Note that in diets D3 and D4, no G. pulex, A. aquaticus or Lymnaea spp. were recorded before or after the experiment in any of their replicates, but were in D1 (except Lymnaea spp.); all these species were, however, present in D2 (Table 1) . Also note that the diet composition of individual fish were not measured during the experiment via stomach flushing, as their repeated capture and handling, relatively small body size and lack of a true stomach would have meant that the procedures were likely to have compromised their welfare. The 100-day experimental period was used as, after this period, the mean daily water temperatures in the mesocosms started to fall below 18°C, as determined by in situ temperature loggers (TinyTag TGP-4017). Mean temperature over the 100 days was 18.2 ± 0.8°C.
At the end of the experimental period, the mesocosms were drained and fish removed. The fish were re-measured and weighed, euthanized (anaesthetic overdose, MS-222), and samples taken of dorsal muscle, pelvic fin tissue and scales. Concomitantly, triplicate samples of the pelleted feeds were taken, plus macroinvertebrate and filamentous algae samples were taken from each drained mesocosm, where a macroinvertebrate sample comprised between 4 and 6 individuals. Zooplankton was also sampled for, but abundances were negligible. As per the temperature trial, the length increments of the fish were calculated for use in subsequent analyses.
Stable isotope analysis
For their preparation for application to stable isotope analysis, fin clips and dorsal muscle were rinsed with distilled water; scales were lightly cleaned with distilled water to remove mucus, and their outer portion removed with dissection scissors and used, as this represents the most recent scale growth and thus, isotopically, the individual's most recent diet (Grey et al., 2009; Bašić et al., 2015) . As the fish used were generally small, then between 1 and 3 scales were used per fish to provide sufficient material for the analysis. The scales were not acid treated to remove carbonates from the scales. This was because whilst there is some conjecture within the literature over whether this procedure is necessary for scales (e.g. Hutchinson & Trueman, 2006; Sinnatamby et al., 2007) , even where this is completed, then the extent of acidification on d 13 C tends to be small. For example, Ventura and Jeppesen (2010) found that the mean shift in d 13 C in six freshwater fishes (including four fishes of the Cyprinidae) following acid treatment was 0.18 ± 0.12%. They concluded that acidification of scales is generally biologically irrelevant unless specific questions are being asked in relation to the stable isotopic content of inorganic carbon (Syväranta et al., 2008; Ventura & Jeppesen, 2010) .
All of the stable isotope samples were then oven dried at 60°C to constant mass, ground to powder, weighed precisely to *1000 lg in tin capsules and analysed on a Thermo Delta V isotope ratio mass spectrometer (Thermo Scientific, USA), interfaced to a NC2500 elemental analyser (CE Elantach Inc., USA). Accuracy verification was against a range of international reference materials, including air and Vienna Pee Dee Belemnite (International Atomic Energy Agency, Vienna, Austria). Accuracy and precision of sample runs were tested for every 10 samples using a standard mink sample to compensate for possible machine drift and quality control. Overall standard deviation was 0.11% for d 15 N and 0.09% for d 13 C. Linearity correction was completed to account for differences in peak amplitudes between sample and reference gases (N 2 or CO 2 ); analytical precision of the d 15 N and d 13 C sample runs was 0.42 and 0.15%, respectively. For both experiments, the stable isotope data for each species and tissue were checked for C:N ratios and where these were considered high then mathematical correction for lipid was applied to the d 13 C data. As there were no species-specific mathematic normalization equations available for the fishes, then three general models were initially considered. The Post et al. (2007) (Table S2 ). As Barnes et al. (2007) identified that elevated C:N ratios in D. labrax were associated with elevated fish condition, then where C:N ratios were excessively high for some individuals within a dataset (e.g. [10; cf. Results), then these data were tested using linear regression against the condition factor (K) of the fishes. K was determined from L/ W 3 , where L and W were the values at the conclusion of the experiment. N. For each fish species and tissue, these discrimination factors were then tested for the significance of their differences between 18 and 23°C using generalized linear models (GLMs). For each tissue, the dependent variable was either the D 13 C (using both the original and lipid-free values) or D 15 N (no corrections required), the independent variable was temperature and the covariate was length increment (as a proxy of food ration). The significance of differences in D 13 C or D 15 N between the temperatures according to tissue type and species was determined by linearly independent pairwise comparisons (with Bonferroni adjustments for multiple comparisons) of the estimated marginal means (i.e. mean D adjusted for the effect of length increment).
Analyses of the influence of diet composition on D 13 C and D 15 N The initial step was to estimate the C:N ratio of each diet by weighting the C:N ratio of each dietary item against their diet proportion (cf. Table 1 ) and then totaling these values per diet. Estimates of D 13 C and D 15 N per tissue across the four diets for C. auratus were then derived using the methodology outlined by Hussey et al. (2010) . The initial step was to determine the isotopic composition of each total diet over the 100-day experimental period according to their proportional composition of dietary items (Table 1) . As the items comprising each diet varied in their proximate composition (i.e. the proportion of bulk N and C), then the fractional contributions of N, C and biomass (i.e. the proportional contribution to the total mass of the diet; B) were adjusted to equal 1 (Hussey et al., 2010) (Hussey et al., 2010) .
For each diet, the discrimination factors of D 13 C and D 15 N for each individual fish were determined for each tissue from
where d 15 N tissue and d 13 C tissue are the nitrogen and carbon isotope values of the tissue as derived from the stable isotope analysis, respectively. These discrimination factors were then presented as mean ±95% confidence limits. The significance of their differences between D1 (based on natural prey items) and the other diets (based on natural prey items and formulated feeds) were tested using generalized linear models, where the dependent variable was D 13 C or D 15 N and the independent variable was diet, with the significance of differences between diets determined from linearly independent pairwise comparisons of the estimated marginal means, with Bonferroni adjustment for multiple comparisons. Initial models used the length increments of the fish as the covariate, but these were removed from all final models due to their effects being non-significant (cf. Results). The discrimination factors were then compared against the weighted values of the C:N ratios per diet.
Throughout the Results, variation around the mean represents 95% confidence limits unless otherwise stated. Statistics were completed in SPSS v.22 (IBM, 2013) . All experimental procedures and ethical regulations were completed under UK Home Office project licence PPL30/3094 that was granted following ethical review at the host institution.
Results
Temperature effects on stable isotope discrimination factors
Across the 150-day period, the length and mass of all fishes increased (Supplementary information: Table S1 ). The length and weight increments produced by each species were not significantly different between the two temperatures (GLM: C. carpio length: Wald v 2 = 0.94, P = 0.64, weight: Wald v 2 = 0.89, P = 0.48; C. auratus length: Wald v 2 = 0.74, P = 0.59, weight: Wald v 2 = 0.79, P = 0.51; S. cephalus length: Wald v 2 = 1.43, P = 0.15, weight: Wald v 2 = 1.14, P = 0.24) ( Table S1 ).
The GLMs testing differences between the C:N ratios of each species by tissue and temperature were significant (C. carpio: Wald v 2 = 30.67, P \ 0.01; C. auratus: Wald v 2 = 107.66, P \ 0.01; S. cephalus: Wald v 2 = 10.95, P = 0.05). There was a pattern of C:N ratios being generally higher at 23 than 18°C (Fig. 1) . However, pairwise comparisons in the models revealed that the significant differences were between the tissues for each species rather than between temperatures. For example, C:N ratios of C. carpio muscle were significantly higher than those of fin and scale tissue (P \ 0.05) and, irrespective of temperature and species, scale C:N ratios were significantly lower than those of muscle and fin tissue (P \ 0.05) (Fig. 1 ). Mean C:N ratio of muscle was C4.0 for all species, with the highest mean ratio being 5.88 ± 1.91% for muscle of C. carpio at 23°C (Fig. 1) . Of these eight C. carpio at 23°C, two had ratios [ 10.0 and the relationship between C:N ratio and fish condition factor was positive and significant (linear regression: R 2 = 0.70, F 1,6 = 13.99, P = 0.01). As a result of these C:N ratios, mathematical lipid normalization was applied to the d 13 C data using the Kiljunen et al. (2006) method (Table S2) .
Among the three fishes and their tissues, mathematical normalization for lipid resulted in increased fractionation values for D 13 C (Table 2) . Where there was a significant difference between the temperatures in D 13 C and D 15 N, it was always higher at 23°C than at 18°C (Tables 2, 3, S3 ). For C. carpio, the general pattern was of lipid-normalized D 13 C being significantly higher for each tissue at 23°C, with mean differences between 0.35 and 0.73% (Table 2) , whilst for S. cephalus the only significant difference between the temperatures was for lipid-normalized D 13 C in dorsal muscle (Table 3 ). For C. auratus, D 15 N was significantly higher at 23 than 18°C in each tissue, but only for fin and scales for the original D 13 C values and only scales for lipid-free D 13 C (Table 2) . Regarding the effect of length as a proxy of food ration size, it only had a significant effect on discrimination in C. carpio muscle (Tables 2, 3 ).
Effects of diet composition on stable isotope discrimination factors
For each diet, their food items by proportion and the corresponding stable isotope data were used in Eqs. (Fig. 2) .
Discussion
Across the experiments, there was a predictable pattern in the discrimination factors between the tissues, with factors for muscle being relatively low compared with fin tissue and scales. This predictable nature of the differences in discrimination factors across the tissues was consistent with the first hypothesis and so supports the use of fin tissue and scales as non-lethal substitutes for dorsal muscle in fish isotope studies. For fin and scales, differences in discrimination were relatively minor, with some variation according to species and Error around the mean represents 95% confidence limits diet. Where there were significant effects of temperature on D 13 C, the discrimination factor was always elevated at the higher temperature for both the original and lipid-normalized values. These results were in line with the previous studies of Power et al. (2003) and Barnes et al. (2007) that have demonstrated similar effects of temperature on D 13 C and were also consistent with the second hypothesis. However, lower discrimination in D 15 N was not apparent at the higher temperature, contrary to prediction and Barnes et al. (2007) who worked on D. labrax. In the diet experiment, there were significant differences in discrimination factors between the diets, with this being consistent with the third hypothesis. The mechanisms underlying these differences in the discrimination factors across the two experiments potentially relate to Hydrobiologia (2018) 808:219-234 227 differences in C:N ratios and differences in the protein quality and quantity between the diets, with the latter enabling testing of the fourth hypothesis. These mechanisms are discussed in turn. The ratios of C:N have been used as a surrogate of the quantity of fat reserve in that analysed tissue (Barnes et al., 2007) , although the relationship between the C:N and lipid concentration of a tissue is not always predictable (Fagan et al., 2011) . Nevertheless, previous stable isotope studies tend to suggest that where C:N ratios are relatively high (e.g. [3.5%) then lipid normalization for d 13 C and thus D 13 C is necessary (Kiljunen et al., 2006; Post et al., 2007) . In the temperature experiment, this was only an issue for muscle samples, where C:N ratios always exceeded 3.5. In the temperature experiment, the greatest variability in C:N ratios was in C. carpio muscle at 23°C, where the ratios ranged between 3.51 and 10.07 for individual fish. These C:N ratios had a positive and significant relationship with fish condition, suggesting that the condition could account for some of the variability in D
13
C detected in the discrimination factors between the temperatures. This was also detected in D. labrax by Barnes et al. (2007) , although the physiological driver of this was not explored. Similarly, in the diet experiment, the highest C:N ratios were generally in muscle and were also in the diets that involved formulated feeds (D2 to D4). The lowest ratio for muscle was from Diet D1 that was based entirely on natural prey items and thus could have resulted in relatively low quantities of fat being reserved. As mathematical lipid correction was not applied in the diet experiment, then the elevated Dd 13 C in diets D2 to D4 might at least partially relate to their tissues having higher fat levels.
Notwithstanding some of the differences in C:N ratios across the experiments, these do not account for all of the differences apparent in the muscle discrimination factors detected across the four diets. Moreover, there were also differences in discrimination factors apparent in fin and scale tissue in which the C:N ratios were consistently lower and usually \ 3.5. Correspondingly, the variability in both discrimination factors in the diet experiment was more likely to Error around the mean represents 95% confidence limits Hydrobiologia (2018) 808:219-234 229 relate to the contrasting sources of dietary protein available from each diet (McClelland et al., 2003) . The 'protein quality hypothesis' suggests that discrimination in the stable isotopes of consumers and their prey increases as protein quality decreases; as carnivores usually assimilate higher quality protein than herbivores, then discrimination should decrease as trophic level increases (Roth & Hobson, 2000) . In the diet experiment, the lowest D 15 N was in D1, composed entirely of natural items with very low plant content (approximately 5% Spirogyra), and then D2 and D4 that both had relatively high contributions of a fishmeal pellet (30 and 70%, respectively) comprised 45% fish protein (i.e. a high-quality protein base). In contrast, the highest D 15 N was in Diet D3 that had approximately 85% of its dietary origin from plant material, including 70% from the 'WG' pellet that was of relatively low protein content (20%). Thus, diets D1, D2 and D4 arguably comprised higher protein quality than D3 and so D 15 N across the four diets at least partially aligned with the protein quality hypothesis. That D3 had the highest D 13 C of all diets was generally consistent with Macko et al. (1986) , who suggested that as dietary protein decreases, the percentage of nitrogen in the diet decreases and less amino acids are catabolized for energy. This then potentially increases the discrimination factors of protein-poor diets (Macko et al., 1986) . As there was no overall pattern between the discrimination factors per diet and their weighted C:N ratio, then there was no support for the 'protein quantity hypothesis' that suggests that the discrimination factors increase as C:N ratios decrease (i.e. as dietary nitrogen concentration decreases) (Pearson et al., 2003) . In other studies across a number of different taxa (e.g. mammals and birds), discrimination factors have also decreased as protein quality has increased, such as through the increase occurring with trophic level (i.e. herbivores to carnivores) (e.g. Robbins et al., 2005) . Similar to the results of the dietary experiment here, relationships between discrimination factors and dietary nitrogen quantity and C:N ratios were either not significant or contrary to the 'protein quantity hypothesis' (Robbins et al., 2005) . These results are important as the protein quality of a mixed diet is then dependent on the extent to which the profiles and amounts of essential amino acids in the different prey of an individual food are complementary in meeting that individual's requirements (Robbins et al., 2010) . In entirety, these results indicate that using isotopes to estimate assimilated diets is complex, with determination of the appropriate discrimination factors to apply to mixing models requiring further knowledge that covers, for example, the interactions of animal physiology, dietary protein composition and environmental variables such as temperature. These results also indicate that, currently, there remains some uncertainty over the discrimination factors that should be applied to mixing models, especially for those species for which taxon-specific factors have yet to be determined (Phillips et al., 2014) . Approaches, such as those recently suggested by Bastos et al. (2017) that utilize food source-specific discrimination factors, thus warrant further investigation.
The diet-tissue discrimination factors reported here across three species and a range of conditions contribute to knowledge on how the environment and diet of fishes affect their stable isotope data. For example, for Diet D1, based entirely on natural prey, the mean muscle discrimination factors of 1.51 and 3.13% for D 13 C and D 15 N, respectively, were not too dissimilar to the more general discrimination factors that are often used where species-specific data are missing (e.g. d 13 C: 0.39 ± 1.3%; d 15 N: 3.4 ± 0.98%; Minagawa & Wada, 1984; Post, 2002) . However, when formulated feeds were present in fish diet (D2 to D4), then these increased their discrimination factors compared with D1, especially in D3 where pellets were based on plant material with relatively low protein content. The relatively high discrimination factors recorded in diets with higher plant content were also consistent with omnivore studies in the wild (e.g. Bastos et al., 2017) . These elevated discrimination factors were also consistent with Mill et al. (2007) , who recorded D 15 N in herbivorous fishes to 5.25%. Correspondingly, the diet experiment suggests that when the trophic ecology of omnivorous fishes is studied and actual or literature-based stomach contents data on the focal species suggests there is a high proportion of plant material in their diet then relatively high discrimination factors should be applied in the analyses of their stable isotope data, such as in mixing models.
It is also important to note that trophic step discrimination factors determined in controlled experimental settings might not necessarily reflect those that develop in wild conditions (Busst & Britton, 2016) . Therefore, such experiments could benefit from further validation of discrimination factors in experiments conducted in more natural conditions (Barnes et al., 2007) . A potential issue with the temperature experiment conducted here was that whilst 100 days was assumed to be of sufficient length for isotopic equilibrium to be reached, Thomas and Crowther (2015) suggest that this duration might have only enabled approximately 3.5 isotopic half-lives to be completed. Thus, the tissues might not have been at isotopic equilibrium at the end of the 100 days (Thomas & Crowther, 2015) . Notwithstanding, the duration of fish growth seasons for cyprinid species in most temperate regions will rarely comprise more than 100 consecutive days where water temperatures exceed 18°C (Britton, 2007) . Consequently, the extent of diet-tissue discrimination in the experiment might be similar to that expected in the wild during a temperate fish growth season in which individuals switch diet, such as due to an ontogenetic shift. In contrast, the duration of the temperature experiment of Barnes et al. (2007) was 600 days, where D. labrax were held at 11 and 16°C. Whilst this duration could be realistic for marine environments, it is not for temperate freshwaters, as per this study.
In addition to concerns over experiment length, the use of formulated feeds in diets D2-D4 might also suggest that the resultant discrimination factors are not appropriate for use in wild studies. However, these formulated feeds are increasingly present as strong trophic subsidies in many European freshwaters, primarily through their use as baits by anglers in both lentic and lotic habitats (Jackson et al., 2013; Bašić et al., 2015; Gutmann-Roberts et al., 2017) , but also from aquaculture (e.g. Grey et al., 2004) . For example, in lowland rivers in England, anglers introduce large quantities of fishmeal pellets over the course of a year that are consumed and assimilated by some fishes, with estimated dietary contributions of up to 80% in S. cephalus and European barbel Barbus barbus (Linnaeus, 1758) (Gutmann-Roberts et al. 2017) . Correspondingly, understanding how these feeds affect the discrimination factors of the wild fishes that consume them is increasingly important for understanding the role of this trophic subsidy.
In summary, the results suggested that temperature and diet composition have important influences on the discrimination factors of omnivorous fishes and must be incorporated into trophic studies based on mixing models for estimating diet composition. Differences in muscle discrimination between temperatures were partially explained by differences in fish condition that affected C:N ratios, although their impact was considered relatively minor. In contrast, dietary influences on discrimination appeared to align to the protein quality hypothesis that suggests that discrimination increases as dietary protein quality decreases. Therefore, for trophic studies on omnivorous fishes, the tissues analysed, the prevailing environmental conditions and the approximate diet composition of the fish all require consideration if the resultant stable isotope data are to subsequently provide robust ecological insights.
